Abstract
information at the time of decision. The implicit assumption is that a traveler is myopic and cannot look ahead for 23 future information. Such behavior is defined as adaptive path choice.
24
Some researchers, e.g. (12), (13), (14), study the response before the information is received for travelers with 25 looking-ahead abilities. They find that a traveler does not need to commit to a particular route, but instead can decide 
33
This research contributes to the state of art by conducting the first revealed preference (RP) study of routing 34 policy choice using Global Positioning System (GPS) data. RP studies of adaptive route choice (adaptive path and data processing methodology, which may be used to process real-life network data for choice set generation. In Section 
Belonging to the link travel time representation, a "support point" is defined as a distinctive value that a 34 discrete random variable can take, or a distinctive vector of values that a discrete random vector can take depending 35 on the context. Thus a probability mass function (PMF) of a random variable (or vector) is a combination of support 36 points and the associated probabilities. A joint probability distribution of all link travel time random variables is used: 37 = { 1 , 2 , ..., }, where is a vector with a dimension × , = 1, 2, ..., , and is the number of support 38 points. The ℎ support point has a probability , and ∑ =1 = 1. When link travel time observations from multiple 39 days are available, a support point can be viewed as a day, is the number of days, and = 1/ , ∀ .
40
Real-time information is assumed to include realized travel times of certain links at certain time periods. taxi GPS data (from the same taxi operator as in the case study) to predict travel times and traffic conditions. This information is shown on road-side electronic boards, offered on Google maps, and sent to taxi mobile data terminals 48 (MDT). The discussion in the remainder of the paper is therefore specific to POI.
49
At a given time period , the available real-time information is represented by a joint realization of travel times on all links at time periods 0, 1, . . . , . The joint realization corresponds to a unique subset of compatible support 1 points, defined as an event collection, , which represents the conditional distribution of link travel times given the 2 realization of link travel times. As more information becomes available, the size of an event collection decreases or 3 remains the same. When an event collection becomes a singleton, the network becomes deterministic.
4
When a traveler is at the start of link ( , ) at time with event collection , he/she makes a decision to 5 take the next link ( , ). Upon arrival at node (end of link ( , )), he/she will be in a different time period due 6 to the traversal time on link ( , ) and the turning penalty ( , , , ). He/she will also have a potentially different 7 event collection ′ , which accounts for realized link travel times between and the arrival time at node . He/she 8 continues the routing decision process based on dynamically involved event collections. Define as a state with three 9 elements: link ( , ), time and event collection . A routing policy is therefore defined as a mapping from all 10 possible states to the decision of the link to take next, : → ( , ).
11
A routing policy can capture traveler's looking-ahead capability in that the decision at state depends on 12 the evaluation of all possible future states throughout the remainder of the trip by following each outgoing link.
13
Specifically, the fact that more information will be available in the future is represented by the series of ′ that could 14 be encountered. A routing policy is realized as a path on a given support point (day), and the realized path topologies 15 potentially vary from day to day due to the randomness of travel times and information. 
26
★ ( ) and ★ are optimal solutions if and only if they satisfy the following equations:
with boundary conditions: only requires the travel times to be non-negative, and thus the time interval length can be greater than link travel times.
20
As such, the number of time intervals can be significantly reduced, resulting in the reduction of runtime.
21
Turn-based routes/routing policies in a general transportation network for an OD pair, but many of them may be unrealistic by 39 being too circuitous or otherwise unsuitable. Therefore, the objective of the choice set generation is to provide a subset 40 of realistic alternatives considered by a traveler.
41
For looking-ahead travelers, the alternatives are routing policies instead of simple paths, and thus the choice 
Link Elimination Method

1
The first method utilized is link elimination, which is similar to that in conventional path choice context. In this 2 method, the ORP is first calculated for an OD pair. Links on the ORP are then removed from the network one at a 3 time, and a new ORP is generated and added to the choice set if not already included. These links are removed at Despite the use of the elimination interval, it is still possible that the newly generated routing policies are 10 similar to the original one. Since only one link is removed each time, the new routing policy generated at each 11 iteration may only differ from the original by a short detour around the eliminated link. Therefore, the simulation 12 method is also utilized to ensure the diversity of the choice set. 
Simulation Method
14
In the simulation method, an independent distribution is adopted to generate the cost of every link for each time period 
Choice Set Evaluation
19
The generated choice sets are then evaluated to verify that they contain no duplicate routing policies, and have sufficient 
Coverage
23
Sufficient coverage is an indication of a successful choice set. In an ideal condition, a generated route in the choice set
24
for a particular OD pair should match the observed path link by link so that the choice set has included the observed 25 path. In this case, coverage is the percentage of path observations contained in the generated choice set. To be 26 practical, we relax the matching criterion because not all the observed routes will necessarily be generated link by 27 link. To quantify this criterion, overlap is introduced as a percentage of the observed route's deterministic and static 28 travel time shared by the generated route and the observed route. Coverage is in turn redefined as the percentage of 29 path observations for which the algorithm has generated a routing policy whose realization on the given day (a path) 30 meets a particular threshold for overlap.
31
In the case studies, only GPS traces, not the actual chosen paths are observed. Routing policies are also not 32 observable, and realized paths on the observation day are used. For a given OD pair, the policies in the choice set are 33 realized as particular paths on the day that the GPS observation is recorded. are used.
22
The GPS traces are matched to the road network using a 4-step map-matching method designed for sparse 
25
The method then creates a candidate graph between a sequence of traces and, finally, finds the most likely path from 26 the candidate graph. 
40
With the available data, there are link-day-interval combinations for which the travel time cannot be esti-41 mated due to lack of observations. These missing values are filled in through a sequence of inter/extrapolation steps. To apply the methodologies to real-life networks, two case studies are conducted with one in Stockholm, Sweden and 11 the other in Singapore. GPS data sets from the two sub-networks are investigated, and the statistics are listed in Table   12 1. 
Data Evaluation
Choice Set Generation
1
The choice set generation and network data processing methodologies are introduced in Section 2.3 and in Section 3.
2
Based on the vehicle trajectories data, the number of GPS traces per trip range from 2 to 47, the departure times span 3 from around 6:30 to 9:00 AM.
4
For choice set generation, 997 out of 11,858 OD trips are sampled. The sampling is based on three criteria.
5
Firstly, wide spread locations of OD pairs are selected to make the choice sets diverse. Secondly, a long study period 6 results in longer runtime; therefore, it is beneficial to select trips in a certain sub-time period such as the peak hour, 
Coverage
14
Initially, only the link elimination method is adopted for choice set generation. After evaluation, the coverage is found 15 to be relatively low. Possible reasons of the low coverage are described in Section 2.3.1. Thus improvements are 16 needed to increase the coverage.
17
Simulation method is then conducted on the unmatched OD pairs. Travel time samples are generated by 18 independent normal distribution, with mean as the estimated travel time and standard deviation as 1/4 of the mean.
19
In each of the 30 simulations, ORP is calculated for each OD pair and added to the corresponding choice set, if not 20 already in it. After evaluation, the coverage is increased greatly to 81% for 100% overlap, and 92% for 100% overlap,
21
which shows the effectiveness of simulation. The goal for satisfactory coverage is achieved. The routing policy choice set is compared to a benchmark of path choice set based on static and deterministic link travel 25 times, as conventionally used for route choice in the literature. In benchmark analysis, the travel times are changed to deterministic and static by taking average of the original link travel times over time periods and support points.
1
The static shortest path choice sets are then generated utilizing link elimination and simulation. Although the coverage is satisfactory, the current algorithm uses only the expected travel time in the calculation of number constant could be adjusted empirically based on network parameters to reflect the attitude levels of travelers.
19
Preliminary tests with the two factors are done resulting in a small increase in coverage, and more testing is necessary 20 to draw a conclusion. The GPS traces cover the entire day for each taxi, but the frequency of the GPS traces vary greatly. A 9 histogram with regards to the time gap between consecutive GPS traces shows that the peak is at 3 minutes (10%), and 10 over 95% of the time gaps are shorter than 4 minutes. In the map-matching process, the shortest path connecting two 11 candidate links for consecutive GPS traces is used as the edge of the candidate graph. However, for GPS traces with 12 a low sampling rate, the shortest path assumption is not very effective. In the process of identifying hired taxi trips, a 13 threshold of 4 minutes is set with regards to the time gap between two consecutive GPS traces, i.e., if the trip contains 14 two consecutive GPS traces that are more than 4 minutes apart, the trip is dropped. In this way, sufficient trips are kept 15 and trips with very sparse GPS traces are removed. 
Choice Set Generation and Evaluation
17
Following the same procedures as in the Stockholm case study, routing policy choice sets are generated for OD pairs traces from those dense trips is then conducted, with the sampling rate at one minute, two minutes, three minutes and 4 four minutes, respectively. Based on the sampling, two tests are carried out.
5
The first test checks whether the ground truth paths are contained in the candidate graph constructed during 6 the map-matching process for the sampled GPS traces. The purpose of this test is to investigate whether it is effective 7 to use the shortest path to connect two candidate links for consecutive GPS traces as the edge of the candidate graph.
8
The results present that the ratios of the ground truth paths contained in the candidate graph for the sampled GPS 9 traces are 98.4%, 95.6%, 91.9%, and 85.5% for sampling rate at one minute, two minutes, three minutes and four 10 minutes, respectively. These results indicate that it is effective to use the shortest path to connect two candidate links 11 for consecutive GPS traces as the edge of the candidate graph.
12
The second test compares the ground truth paths with the paths inferred from the sampled GPS traces. The study, routing policy choice set generation is on-going and further improvements in coverage are needed.
31
In future studies, the coverage will be improved by using better map-matching and adding other attributes recall survey at the end of day, and records of in-vehicle GPS navigation systems that provide real-time information.
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